Whole-cell and extracellular recording techniques were used to examine local circuit inhibition in the CA1 region of the rat hippocampus in vitro. Activation, primarily of the recurrent inhibitory circuit by alvear stimulation, elicited an IPSP in pyramidal neurons that was dependent, in part, on NMDA receptor activation. Application of a tetanizing stimulus to the alveus evoked long-term potentiation (LTP) of the intracellularly recorded recurrent IPSPs. This LTP also was NMDA-dependent and was more sensitive to blockade by the NMDA antagonists 2-amino+phosphonovalerate (APV) and N-acetyl-aspartylglutamate, than the excitatory LTP produced by Schaffer collateral stimulation. With regard to APV, the sensitivity of inhibitory LTP was an order of magnitude greater.
Throughout the CNS, local circuit inhibition plays an integral role in both neuronal network processing and the regulation of the excitability of projection neurons. Local circuit inhibition includes two main types: feedforward inhibitory circuits that are characterized by the extrinsic origination of interneuronal excitation, and recurrent or feedback circuits in which the interneuronal excitation originates from recurrent collaterals of local excitatory projection neurons. Because the recurrent circuit is activated whenever a projection neuron is activated, it is an integral component of the projection cells' output. Recurrent inhibitory circuits may be particularly important to signal processing in cortical networks with pronounced recurrent excitatory interactions, such as the hippocampus (Miles and Wong, 1986; Miles and Wong, 1987a,b; Radpour and Thomson, 1991; Thomson and Radpour, 1991) . Recurrent inhibition may limit not only the lateral spread of recurrent excitation, but also the duration of its effect, because the recurrent inhibition overlaps temporally with recurrent excitation. In addition, the divergent spread of local circuit inhibition (Buzsaki et al., 1992; Buhl et al., 1994; Whittington et al., 1995) may facilitate discharge synchronization of projection neurons by producing a synchronous relative refractory period.
Any mechanism that alters the strength of local circuit inhibition in a network would be expected to alter the signal-processing function of this network. Extrinsic modulation of cortical networks by neurotransmitters from such diverse systems as the noradrenergic, serotonergic, histaminergic, and cholinergic nuclei may exert an influence on network function that is not directly A biophysical simulation of hippocampal CA1 circuitry was used in a model of learned pattern recognition that included LTP in both excitatory and inhibitory recurrent circuits. In this model, selective blockade of inhibitory LTP produced aberrant spread of lateral excitation, resulting in confusion of normally distinguishable patterns of neuronal activity. Consideration is given to the possibility that selective disruption of NMDAdependent modulation of local circuit inhibition may serve as a model for some aspects of dysfunction associated with NMDAantagonist exposure and schizophrenia.
Key words: recurrent inhibition; long-term potentiation; AP5; phencyclidine; N-acetylaspatfyl-glutamate; signal processing; schizophrenia dependent on the output of the network. A less frequently addressed site of intrinsic modulation is in the local inhibitory networks of the CA1 region, more specifically, the glutamatergic synapse onto inhibitory interneurons, which activates both NMDA and non-NMDA receptors (Sah et al., 1990) . Activation of NMDA receptors may act as an intrinsic modulatory influence in two ways: first, by acutely enhancing local circuit inhibition, and second, by activating long-term potentiation (LTP) of this circuit. NMDA-dependent LTP of glutamatergic transmission onto projection neurons is the best-characterized form of activitydependent synaptic plasticity in the mammalian CNS (Bliss and L@mo, 1973; Anderson et al., 1977; Bliss and Collingridge, 1993) . However, findings from in viva studies also have provided evidence consistent with modulation of inhibitory pathways by LTP in the hippocampus (Buzsaki and Eidelberg, 1982) and other CNS local circuits (Korn et al., 1992) . In addition, in vitro investigations in the hippocampus have reported both NMDA-dependent LTP and NMDA-dependent long-term depression (LTD) of feedforward inhibitory pathways (Stelzer et al., 1994) . Because of the importance of recurrent inhibition in network functioning, we have examined the effects of, and sensitivity to, NMDA antagonists on the IPSPs and LTP of these IPSPs in the CA1 region of hippocampal slices that were transected to minimize feedforward inhibition. We report here that under these conditions, the IPSP is reduced acutely by 2-amino-5-phosphonovalerate (APV), and a LTP of this IPSP can be evoked that is highly sensitive to APV, N-acetyl-aspartylglutamate (NAAG), or phencyclidine (PCP).
MATERIALS AND METHODS
Slices were prepared from Long-Evans rats of both genders, age 25-40 d. Rats were decapitated under halothane anesthesia, and the brains were removed rapidly and 400-pm-thick transverse slices cut from the hippocampus using a vibratome. (Spencer and Kandel, 1961; Andersen et al., 1963) and examined with whole-cell patch recordings (see circuit sketch in Fig. L4 ). The SO and alveus contain afferent axons that terminate not only in the SO, but also in the stratum pyramidale (SP) and the stratum radiatum (SR), and include commissural fibers (Frotscher and Zimmer, 1983; Leranth and Frotscher, 1983 ) and ipsilateral projections from CA3 (Amaral and Witter, 1989; Li et al., 1994) . Stimulation of the SO, therefore, would be expected to evoke both feedfonvard and recurrent inhibition. The present study attempted to limit activation of feedforward inhibition and excitation in the SO by the use of transected slices with a knife cut that extended from the SO-alvear border through the stratum lacunosum-moleculare, so that only the alveus was spared. In this paradigm, the Alv stimulus electrode and the recording electrode were placed on opposite sides of the lesion (Dingledine and Langmoen, 1980; Alger and Nicoll, 1982 Figure 4 , A and C, shows the extracellular voltage trace that follows the unpaired and paired stimuli. The amplitude of the PS,, was compared with its amplitude during the paired-pulse paradigm by the ratio PS A,V,SR/PSSR. A tetanus (four trains of 10 stimuli at 100 Hz) then was applied to the Alv pathway and the ratio of PS,,, sR/PSsR determined before tetanus was compared with that at three time'intervals (2, 10, and 20 min) after tetanus. All data of evoked field and intracellular potentials arc average values of five to eight recordings taken with a time interval of 20 sec. Dose-response relationships for excitatory and inhibitory LTP were generated with at least four sample points per concentration. The doseresponse relationship was fit with a sigmoid curve using Sigmaplot and least squares analysis. The equation for the curve was as follows:
where k = the slope factor;
[APV] = the concentration of APV in mrcromolars, and x = IC,,,, when [API'I = x then y = 50. Results are given as means i SE, except for the parameter derived from the curve ht, IC,,,, which is expressed with t the asymptotic SE. Sim~lufiort of CA1 network acfivify. The computer simulation presented here was adapted from a simulation of the piriform cortex (Barkai et al., 1994; Barkai and Hasselmo, lYY4; Hasselmo and Barkai, 1995) which was developed using the Genesis simulation package (Wilson and Bower, 1992; Bower and Beeman, 1995 Barkai et al., 1994; Hasselmo and Barkai, 1995) . The network also contained 58 each of two groups of inhibitory interneurons. These interneurons received excitatory synaptic input from pyramidal cells and from afferent input, and activated inhibitory synaptic potentials having a dual exponential time course with time constants of 1 msec rise and 7 msec decay for chloride currents, and time constants of IO msec rise and 100 mscc decay for potassium currents. These time constants replicated the diffcrcnt time course of GABA,-and GABAn-mediated currents.
The soma compartment contained a range of voltage-dependent currents, including the fast-activating sodium current (INa) and delayed-rectifier potassium current underlying generation of action potentials (see Fig. 5 ). In addition, the soma compartment contained representations of the voltagedependent potassium currents I, and I,. Parameters for these currents are provided in previously published work (Traub et al., 1992; Barkai and Hasselmo, 1994; Hasselmo and Barkai, 1995) . These pyramidal cells undergo adaptation in response to sustained current injection caused by activation of a voltage-dependent calcium current (Ic,,), which increases intracellular calcium levels and activates a calcium-dependent potassium current (I,(,,,,) ).
The parameters for these currents also arc provided in previous articles (Traub et al., 1992; Barkai and Hasselmo, 19Y4; Hasselmo and Barkai, 1995) .
Simulations tested the capacity of the network to store patterns of afferent input and recall these full patterns of activity given degraded versions of these input patterns. The simulations used separate "learning" and "recall" phases, as described in previous work (Barkai and Hasselmo, 1994; Hasselmo and Barkai, 1995) . During learning, the network received consecutive presentation of two full patterns of afferent input (the triangular patterns seen in Fig. 6 Figure 6 , right. The patterns overlapped considerably, such that tight neurons received input during both pattern I and pattern 2. The strength of excitatory synapses between pyramidal cells was changed during learning according to a Hebbian learning rule. When a spike arrived at a particular synapse, the maximal conductance of the synaptic current was increased in proportion to how much the postsynaptic membrane potential exceeded a modification threshold. During recall, the network was presented with degraded versions ol' the stored afferent input patterns. Recall was tested in two conditions: (I) after strengthening of excitatory synapses between pyramidal cells and inhibitory interneurons, and (2) with no increase in strength of input to inhibitory interneurons. The degraded input for each pattern activated only 24 of the 40 neurons activated during learning. (As seen in Fig. 6 , neurons in the overlap did not receive input.) The spiking activity of the network was observed during a 500 msec period, during which the network received afferent input consisting of three groups of four synaptic potentials. The performance of the network during recall is described in the Results section.
RESULTS
In control slices, low-frequency electrical stimulation (0.05 Hz, 0.5-l PA; 400 psec duration) of the SO or Alv evoked a multiphasic postsynaptic potential consisting of an EPSP and subsequent fast and slow IPSPs when recorded with intracellular patch electrodes. In agreement with previous studies (Curtis ct al., 1970) (for review, see Stetzer, 1092), the early Atv-cvokcd IPSP was antagonized (mean reduction of IPSP, 47 -' 6%~) by prcssurcejected bicuculline (IO mM; 100 msec; 3 psi; n = Y), indicative of a potential mediated by activation of GABA, receptors. In contrast, the late phase of the IPSP was blocked by the GABA, receptor antagonist saclofen (250 PM). The EPSP has been reported previously to be mediated by activation of AMPA-kainate receptors and also NMDA receptors (Hestrin et al., 1990; Thomson and Radpour, 1991) .
The IPSP evoked in control (nontransected slices; II = 31) had a peak amplitude of 4.6 2 0.3 mV, which was not significantly different (p < 0.05; Wilcoxon signed-ranks) from the peak IPSP amplitude of transected slices (n = 30) of 6.7 F 0.5 mV. In slices in which the SO, SP, and SR had been transected, the peak amplitude of the IPSP evoked after stimulation of the alveus from either the fimbriat (n = 14) or the subicular side (n = 16) of the transection showed no significant difference (6.5 2 0.7 mV vs 6.7 i 0.8 mV). Activation of afferent excitatory input to CA1 interneurons evokes an EPSP with an NMDA component (Sah et al., 1990) that may be present during baseline (non-high-frequency activation) conditions (Lacaille, 1991) . We observed that superfusion of APV, although having no apparent effect on the SR-evoked EPSP, caused a dose-dependent reduction of the evoked IPSP (Fig. 2) . Hence, in 10 of 13 neurons tested, 25 pM APV reduced the IPSP by 27 t 4% (n = 4), 3 WM APV by 14.5 (n = 2), and 0.4 PM APV by 11 + 1% (n = 4) (Fig. 2B ). This result is illustrated graphically in Fig 2C. In the remaining three neurons, the IPSP was insensitive to APV, but was blocked by 5 PM 6, 7-dinitroquinoxaline-2,3-dione (data not shown). The reduction in IPSP amplitude was reversible on washout of APV (see Fig 2A) , suggesting that NMDA receptor activation is a necessary component of the tow-frcqucncy glutamatergic drive onto inhibitory interneurons.
A tetanus applied to the Alv in control slices resulted in an initial post-tetanic potentiation (PTP) of the IPSP (Fig. 3A1,2) , which declined to a stable longer-term potentiation (Fig. 3A,3 ) -15 minutes after tetanus. The mean increase in the IPSP, measured >20 min after the tetanus, was 28 t-6%. In addition, tetanic stimulation of the Alv (n = 2), in the presence of saclofen, had no effect on the expression of either PTP, short-term potentiation (STP) (Malenka and Nicott, 1993) or LTP of the IPSP, suggesting that the observed inhibitory LTP is attributable to potentiation of GABA,-mediated transmission. Further, the reversal potential of the IPSP (between -70 and -75 mV) did not change after tetanus induced LTP (n = 4), suggesting that an alteration of the chloride driving force is not responsible for the enhanced IPSP. Finally, an apparent increase in the IPSP attributable to homosynaptic LTP of the overlapping recurrent EPSP cannot be ruled out. However, this is an unlikely mechanism, because, (1) the parameters of the tetanus employed typically evoke homosynaptic LTD (Malenka and Nicott, 1993) , and (2) when the alvcar-evoked synaptic potential is examined at the IPSP reversal potential (-70 mV) before and 40 min after the tetanus, no decrease or a slight increase in the EPSP amplitude is observed (II = 2 in transected slices) (Fig. 3C3) .
In transected slices, the effects of tetanic stimulation of the atveus wcrc examined in every neuron that showed a stable input rcsistancc (~5% change from basctinc for the duration of the recording, measured every 10 min). Tctnnic stimulation of the alveus (n = IS) resulted in an increase of the tPSP amplitude of 50 t I6%, 21 min post-tetanus.
The majority of neurons (12115) showed an incrcasc of amplitude with a range from 15 to 238%; the tPSP of the rcmnining three neurons changed <5%. Stable recordings of durations 240 min posttetanus (n = 6) showed an incrcasc of IPSP amplitude of 52 t 16% (p f 0.005; Mann-Whitney U test) (Fig. 3A,Cl) . Figure  301 shows the time course of LTP in these six neurons compared with the mean IPSP amplitude of four other neurons that were not tetanized.
To gain an improved isolation of recurrent circuits resulting from Alv stimulation, commisural fibers were transected in viva 4 d before an additional acute transection in vitro. Under these conditions, the EPSP portion of the antidromicatty activated EPSP-IPSP sequence is more prominent (Fig. 3B ), possibly as a result of decreased inhibitory feedforward activation (Frotscher and Zimmer, 1983; LCr&nth and Frotscher, 1983; Miles and Wong, 1987b) . After tetanic stimulation, the IPSP amplitude showed both PTP-STP and LTP (an increase of 50 -C l3%, measured at 40 min, y1 = 3; Figs. 3B and C2). Figure 302 shows the effect of tetanic stimulation of the SR on the SR-evoked EPSP, using identical stimulation parameters as in the transected slice. The excitatory pathway shows both a PTP-STP and an LTP, which has a time course similar to that of the inhibitory LTP.
Many studies have demonstrated an NMDA-mediated component of the Schaffer collateral excitatory LTP (Cotlingridge ct al., 1983; Harris ct al., 1984; Herron ct al., 1986) . Consequently, wc examined the dependence of the LTP of Atv-evoked inhibition on NMDA rcccptor activation. First, the NMDA-receptor antagonist APV (25 PM) was perfused during tetanic stimulation, then the APV was removed and the effects on inhibitory LTP dctcrmined in control ACSF. Under these conditions, no inhibitory LTP was observed (n = 6); however, PTP was observed in three neurons (26 ? 13%), which decayed back to baseline in <lo min. The specific site and mechanism of the APV-sensitive inhibitory LTP was not identified, although a likely site, consistent with the NMDA-dependence, is the excitatory synapse of recurrent cottaterals onto GABAergic interneurons (see circuit schematic in Fig. 1) .
We further evaluated alterations in synaptic transmission in the CA1 network with stimulus-evoked extracellular field potentials, a technique that allows longer, more stable recordings than wholc- cell patch recording, which is advantageous for multiple pharmacological manipulations.
Network excitability was evaluated by measuring the amplitude of the extracellularly recorded PS that results from activation of feedforward excitatory afferents by stimulation of the SR. The effect of Alv-evoked inhibition on the SR-elicited PS (PS,,) was measured by pairing Alv stimulation with SR stimulation (PS,,,,,,) (see Materials and Methods, and Figs. 1,4) . The amplitude of the SR-evoked PS then was examined in the paired-pulse paradigm before and after tetanus of the Alv pathway (Fig. 4A) . After the tetanus (>20 min), a significant reduction of the PS,,,,,,IPSs, ratio of 15 + 2% SE (N = 32;~ < 0.005, Wilcoxon signed-ranks test) in the absence of changes in the PS,, or the PS,,, was observed (Fig. 4B,C) .
As with the intracellular recordings, we also examined the effects of the previously described pathway transection on inhibition in this paradigm. In all three transected slices tested, tetanic The PSAlv,d'SsR ratio also was used to measure the sensitivity of Alv-evoked inhibitory LTP to the NMDA antagonists APV (Collingridge et al., 1983 , Davis et al., 1992 , PCP (Lodge et al., 1983) and NAAG (Mori-Okamoto et al., 1987; Puttfarcken and Coyle, 1989; Sekiguchi et al., 1989; Puttfarcken et al., 1993) . The latter is an endogenous, acetylated, di-amino acid that is found in many CNS regions including the hippocampus together with its catabolic enzyme, N-acetyl-alphalinked-acidic-dipeptidase (NAALADase) (Blakely and Coyle, 1988; Stauch-Slasher et al., 1992) . Both APV (Harris et al., 1984) and PCP (Stringer et al., 1983) have been shown to block LTP of excitatory Schaffer collateral input onto CA1 pyramidal cells, the former, in a dose-dependent manner. Although the SR stimulation is identical in both cases, in the latter (2), a paired Ah-SR stimulation was used with a resulting reduction of the PS amplitude. B, A graph of the change in Ah-evoked inhibition, indicated by the l?S,,v,,s,JPS,s,c ratio with respect to the time of tetanus application, is illustrated. C, Superimposed traces of the unpaired PS,, and PS,,,,,, are shown. Note the reduction in amplitude of the paired PS after the tetanus in the absence of change in either the unpaired PS,, or the alvear-evoked field potential (compare I with 2 and 3).
In agreement with observations at the single neuron level, exposure to APV (50 PM) during tetanic stimulation prevented LTP induction of >lO% in seven of eight slices tested as measured 20 min after tetanus by the PS A,V,SR/PSS,I ratio (0.85 ? 0.03 before tetanus; 0.87 -+ 0.03, after), a significant difference from control conditions @ < 0.05, x2 test). In addition, LTP also was prevented by the application of either PCP (100 PM; n = 6;~ < 0.01, x2 test) or NAAG (100 PM; n = 3; p < 0.05, x2 test) during the tetanus.
Furthermore, APV also caused a dose-dependent, reversible increase in the PS A,V,SR/PSSR ratio before application of the tetanus, similar to the dose-dependent decrease in the evoked IPSP amplitude seen in whole-cell recording experiments. The PS,, amplitude alone was unaffected by drug application. At a concentration of 25 PM APV, the PS,,,,,,/PS,, ratio was increased reversibly by 17 -C 8.5% (n = 3). These data support the hypothesis that there is an NMDA-mediated component to Alvevoked inhibition.
Because antagonism of excitatory LTP has been reported to be dose-dependent (Harris et al., 1984) , we compared the sensitivity of excitatory LTP of the Schaffer collateral input onto CA1 pyramidal cells with that of the LTP of Alv-evoked inhibition to NMDA receptor antagonism. The percent of LTP elicited under control conditions (100%) is plotted against the concentrations of APV, ranging from 0.3 to 50 PM (Fig. 5A) . Data points from each experimental paradigm were fit with a sigmoid equation (see Materials and Methods) using a least-squares analysis, and then the half-maximal responses were determined. LTP of the Alvevoked inhibition was found to be an order of magnitude more sensitive to NMDA receptor blockade than that of the SR-evoked excitatory LTP. The concentration of APV at which the LTP was reduced by 50% (IC,,,) was found to be 0.57 ? 1.1 PM for the inhibitory LTP, compared with 5.7 f 1.1 pM for the excitatory LTP. Furthermore, in agreement with previous studies (Harris et al., 1984) concentrations of APV < 3 pM had little effect on the development of LTP in the excitatory pathway. In contrast, the LTP of the Alv-evoked inhibition was reduced by -80% at the concentration of APV of 1.5 FM. The cndogenous NMDA antagonist NAAG (50 PM) also selectively rcduccd LTP of the Alvevoked inhibition, while leaving excitatory LTP from SR stimulation unaffected (Fig. SB) .
In addition, WC tcstcd for ditfcrential sensitivity of the inhibitory versus excitatory LTP in transcctcd slices. In agrcemcnt with data obtained from control slices, we found the same differential sensitivity for APV administered during tetanus. In this condition, all three slices tested (APV, 12.5 PM) showed no LTP of the Alvevoked inhibition, but SR-evoked excitatory LTP was expressed in every case.
The implications of a selective antagonism of LTP of recurrent inhibitory circuits (the likely source of alvear-evoked inhibition) on processing characteristics of CA1 neuronal networks then were examined with computer simulation based on simulations published previously (Traub et al., 1992; Barkai and Hasselmo, 1994; Hasselmo and Barkai, 1995) (for detailed description of simulation, see Materials and Methods). The effect of LTP at excitatory synapses in the network was modeled by strengthening of synaptic interactions between modeled neurons. As shown in Figure 6 , we evaluated the ability of this network to store two different patterns of afferent input, each of which activated 40 neurons and overlapped with the other pattern by 8 neurons. (See representations of complete pattern 1 and pattern 2 in Figure 6A .) Figure 6A shows the response of the network before any learning (i.e., before strengthening of synapses in the network). The network responds with spiking activity attributable to direct afferent input to a subset of 40 neurons, considered a presentation of complete input patterns, and attributable to direct afferent input to 24 neurons, considered a presentation of degraded input patterns.
During a learning phase, LTP of excitatory synapses was applied at synapses experiencing both pre-and postsynaptic activity. During a separate recall phase, the network was capable of recalling specific patterns of action potential generation in modeled neurons. For example, the network was presented with degraded versions of the input patterns, which induced spiking directly in only 24 of the 40 original neurons activated by the full input. After the learning phase, the spread of activity across strengthened synapses then caused action potential generation in neurons not receiving afferent input from the degraded pattern but that were activated previously by the complete pattern.
The capability to recall missing elements of the stored pattern also enhanced the possibility that activity elicited by one pattern would spread into neurons activated by the other pattern, thus reducing or preventing the ability to differentiate between the patterns (see Figure 6B , lower trace). Strengthening of excitatory synapses from pyramidal cells to inhibitory interneurons prevented this problem. During recall, the network was tested both with and without the strengthening of excitatory input onto inhibitory interneurons. With strengthening of this recurrent inhibition, the network effectively recalled missing components without the spread of activity into other neurons of the second pattern ( Figure  6B , top truce). Without strengthening of recurrent inhibition, during recall, activity spread into neurons representing both patterns, thereby preventing the ability to distinguish between overlapping stored patterns. Although temporal coding of information was not considered in this simulation, LTP of recurrent inhibition likely would play an important role in this aspect of processing as well.
DISCUSSION
In summary, the data presented here suggest that stimulation of the Alv in vitro evokes an inhibitory GABAergic input onto CA1 pyramidal neurons that is under the modulatory influence of NMDA-dependent transmission and is capable of NMDAdependent LTP. The Alv-induced inhibitory LTP was distinct pharmacologically from LTP of the Schaffer collateral-induced excitatory input to CA1 pyramidal neurons in that it had a greater sensitivity to the NMDA antagonists APV and NAAG. Specifically, the IC,,, for inhibitory LTP was 0.57 PM for APV, compared with 5.7 FM for the excitatory LTP.
The observation that baseline inhibitory transmission can be reduced by NMDA receptor antagonists is consistent with the presence of NMDA receptors on inhibitory interneurons that can be activated from the resting membrane potential, as suggested by the Z/V relationship observed for 6-cyano-7-nitroquinoxaline-2,3-dione-resistant EPSPs in these cells (Sah et al., 1990; Lacaille, 1991) . A reduction of inhibitory transmission by NMDA receptor blockade has been reported in the hippocampus (Hablitz and Langmoen, 1986 ) and the amygdala (Rainnie et al., 1991) . Similarly, a role for NMDA-mediated transmission also has been reported for recurrent EPSPs in CA1 pyramidal cells based on the partial blockade by APV (Thompson and Radpour, 1991) . In contrast, the NMDA-dependent current activated by Schaffer collateral input onto pyramidal neurons requires depolarization to remove an intrinsic Mg*+ blockade (Collingridge et al., 1988 ). The apparent difference in interneuron response could be explained if the interneurons have a more depolarized resting state than pyramidal neurons, thereby relieving some of the Mg*+ blockade. However, this does not appear to be true (Lacaille and Williams, 1990; Lacaille, 1991) .
An alternative explanation is that hippocampal interneurons express NMDA receptors that differ from those expressed on CA1 pyramidal neurons. A differential distribution of receptor subtypes is not without precedent in the hippocampus (Bochet et al., 1994) . The NMDA receptor also has several possible subunit conformations in which, in its most basic form, the NRl subunit combines with one or more of the NR2A-D subunits to form a functional receptor (Moriyoshi et al., 1991; Monyer et al., 1992) . These receptor subunits also show distinct regional and developmental distributions (Laurie and Seeburg, 1994; Monyer et al., 1994; Watanabe et al., 1994) . For example, in the CA1 and CA3 regions of the hippocampus, NR2A and NR2B are prominent in pyramidal neurons, whereas the NR2C and NR2D subunits are prominent in subsets of interneurons (Monyer et al., 1994) . It is important to note in the context of this study that the NR2C and NR2D subunits, when combined with NRl subunits, form functional receptor channels that have a lower sensitivity to Mg2+ blockade and a longer offset decay time (Moyner et al., 1994) than those formed in conjunction with NR2A or NR2B subunits. In addition, splice variants of the NRl subunit have been reported to confer NMDA receptors with a differential sensitivity to antagonists (Nakanishi et al., 1992 subunit would be capable of detecting and responding to low levels of synchronicity in presynaptic terminals or to small postsynaptic depolarizations, and that if the appropriate NRl splice variant also was present, these same interneurons would show a differential sensitivity to NMDA antagonists. The speculation that NMDA receptor subunit assembly in interneurons is different from that of projection neurons is consistent with the results reported in this paper.
The differential sensitivity to NMDA antagonists of inhibitory LTP compared with that of excitatory LTP may result from several nonmutually exclusive possibilities. First, our data suggest that APV can block an NMDA component of the EPSP onto the interneuron at concentrations comparable to those that block inhibitory LTP. Thus, inhibitory LTP may be reduced as a result of a reduced EPSP. The EPSP elicited by low-frequency Schaffer collateral stimulation has no such component under control conditions. Second, there may be different NMDA receptors with different affinities for NMDA antagonists on interneurons compared with those on pyramidal cells. Finally, the measurement of inhibitory LTP made in this study is indirect, i.c., the pathway is disynaptic, because LTP in the intcrneuron is evaluated by an increase in inhibition recorded in a projection neuron. A potential consequence of this disynaptic pathway is that small decreases in excitatory transmission may have large effects on the number of action potentials generated in the interneuron and, thus, result in a large decrease in inhibition. This may contribute to the differential sensitivity. However, it is likely that this contribution is small, at least with respect to the generation of LTP, because the slope of the APV concentration-response curve for inhibitory LTP is less than that of excitatory LTP. The reverse would be expected if the contribution were large. The functional change elicited by a selective antagonism of NMDA receptor activation on interneurons in the cortex might show regional variability, dependent on the degree of NMDA modulation of the local circuit inhibition and the network's dependence on that inhibition.
The latter shows considerable regional variability as indicated by the limbic system's highly sensitive epileptogenic response to GABA, antagonists (Traub et al., 1993) compared with other regions (Gruenthal et al., 1986) . Although systemic exposure to NMDA antagonists does not result in sufficient disinhibition to elicit epileptiform activity (Javitt and Zukin, 1991; Krystal et al., 1994) , Olney et al. (1991) have suggested that it is sufficient in at least the retrosplenial and posterior cingulate region of the limbic cortex to evoke excitotoxicity culminating in cell death.
The focus of this study is on the disynaptic recurrent inhibitory circuit. However, the possibility that along with the activation of recurrent inhibition, some feedforward inhibition was also activated with our protocol cannot be excluded completely, as is possible with the use of paired recordings (Miles and Wong, 1987; Miles, 1990) . Using a paired-recording paradigm, an unambiguous activation of the recurrent circuit was obtained in the guinea pig CA3 region (Miles and Wong, 1987) . It should be noted, however, that in examining this circuit for LTP, extracellular tetanic stimuli were used that tetanized both feedforward and feedback circuits. This resulted in a long-term reduction of the disynaptic recurrent inhibitory circuit. Tetanic activation of the alveus in adult Wistar rats (Haas and Rose, 1982) or guinea pig (Abraham et al., 1987) has been reported to have no effect or to evoke only a transient (~5 min) increase in alveus-evoked IPSPs. Using juvenile Long-Evans hooded rats, we have attempted to restrict the tetanic activation of the alveus to CA1 pyramidal axons by prior lesion of the commisural feedforward axons together with an acute lesion that spared only the alveus with a resulting LTP of the recurrent inhibitory circuit.
Accordingly, the focus of the computer simulation was on the functional implications of selective disruption of the recurrent inhibitory circuit, and the role of feedforward inhibition was not included. This simplification was needed for the simulation, because feedforward inhibitory activation may well be independent of the input to the projection neurons, in contrast to the dependence of feedback activation. Also, it is less clear if the blockade of the NMDA-dependent LTP of feedforward inhibition will cause a similar dysfunction, because at least in some cases, it appears to be accompanied by a decrease in GABAergic receptor efficacy (Stelzcr et al., 1994) .
The simulations indicate that blockade of recurrent inhibitory LTP can disrupt normal CA1 neuronal processing by causing an abnormal increase in excitatory synaptic associations between pyramidal cells in an autoassociation network. The result can be a loss of distinctively patterned firing output in response to distinctively patterned input. This kind of associational interaction between projection neurons (Johnston and Wu, 1995) is likely to occur to a limited cxtcnt in CA1 (Thomson and Radpour, 1991) and to a greater extent in CA3 (Miles and Wang, 1986 ). The present study did not include the CA3 region because of the difficulty in restricting feedforward inhibition in this area.
The simulation did not include the NMDA modulation of the acute recurrent IPSP that is suggested by the IPSP reduction of 30% elicited by APV. The functional implications for this acute modulation of pattern differentiation are similar to those of selective blockade of inhibitory LTP. Because only a modulatory influence is blocked by NMDA antagonists, the effect on excitability is subtle, unlike a full blockade of GABA, inhibition, which elicits epileptiform activity (Schwartzkroin and Prince, 1977) .
Finally, the selective sensitivity of local circuit inhibitory LTP to NAAG has potentially important clinical ramifications. Recent postmortem studies of brains of schizophrenic patients indicate localized increases in NAAG levels, associated with decreases in its catabolic enzyme NAALADase that are especially prominent in the hippocampus (Tsai et al., in press ). The findings from the present study indicate that NAAG, by antagonism of the NMDA receptor, may induce a selective reduction of the recurrent EPSP exciting interneurons and interneuronal LTP. Together with the postmortem data, the possibility may be raised that this action of NAAG has a pathophysiological role in schizophrenia.
